goal, numerous dietary and lifestyle factors have been identified that modify the risk for type 2 diabetes [10] . These factors can be used to precisely determine the individual diabetes risk [11] . This review intends to summarise the current knowledge as to the pathogenesis of obesity-associated type 2 diabetes, its risk assessment and its prevention.
Pathogenesis and Risk Factors of Type 2 Diabetes
It is generally accepted that type 2 diabetes is caused by the combination of insulin resistance and a progressive failure of pancreatic β-cells [12] . According to a plausible scenario ( fig.  1 ), insulin resistance occurs when adipose cells reach a critical size and adipose tissue stores become limited. Ectopic triglycerides and fatty acids then produce insulin resistance in liver and muscle. In addition, a chronic inflammatory state, caused by immune cell infiltration into adipose tissue in obesity, appears to contribute to insulin resistance. Ectopic lipids also appear to affect β-cell function ('lipotoxicity'), probably in combination with the exposure of cells to high glucose concentrations ('glucotoxicity'). This pathogenesis unfolds when a polygenic susceptibility interacts with exogenous factors such as nutrition and physical activity. Therefore, type 2 diabetes is the paradigm of a complex disease which has a genetic basis but is precipitated by exogenous factors [1] .
Obesity
Excess adiposity is considered the most important factor in the pathogenesis of type 2 diabetes. In all mouse models of type 2 diabetes, obesity is essential for the development of hyperglycaemia. In heterogenous outcross populations of the NZO mouse, there is a 'dose-response' relationship between early body weight and the prevalence of later onsetting diabetes [13] . In human type 2 diabetes, the anthropometric parameters body weight, body mass index (BMI) and waist circumference are major predictors of the individual disease risk [10, 14, 15] . This risk increase is mainly conferred by the intraabdominal and intrahepatic fat depots [16] [17] [18] , whereas the subcutaneous fat appears to be indifferent. In mouse models of diabetes and insulin resistance, enhanced hepatic lipogenesis is a key pathophysiological feature [19, 20] . Intrahepatic triglycerides are believed to cause insulin resistance and are therefore directly linked with the pathophysiology of diabetes; even a small reduction significantly lowers the diabetes risk [21] . In addition, it has been suggested that accumulation of ectopic lipids in other tissues such as muscle and islets is also involved in the pathogenesis of diabetes. Thus, intraabdominal and intrahepatic fat stores might be a marker for the accumulation of triglycerides in β-cells that was suggested to produce islet cell failure (lipotoxicity, see below).
Mechanism of β-Cell Failure: Lipotoxicity and Glucotoxicity
Convincing data have indicated that excess ectopic lipid accumulation is a causal factor in the development of diabetes. In addition, it has been shown that incorporation of excess triglycerides in pancreatic islets can trigger apoptosis of β-cells [22] . When lipids accumulate in non-adipose tissues during over-nutrition, fatty acids cause the formation of ceramide. Ceramide is a toxic lipid and probably the cause of lipoapoptosis [22] . Alternatively, it has been postulated that elevation of post-prandial and post-absorptive blood glucose levels damage the pancreatic β-cell (glucotoxicity). According to this hypothesis, the β-cell is very sensitive to oxidative damage, or is sensitized by a low anti-oxidative capacity [23] . It was suggested that elevated blood glucose concentrations lead to formation of reactive oxygen radicals [24] which cause loss of essential transcription factors such as MafA, and an irreversible cell damage [25] . This hypothesis is supported by numerous experimental findings: Long-term culture of β-cells in the presence of high glucose concentrations affects their function [26] . In db/db [27, 28] or NZO mice [29] , diabetes (defined as histologically assessed β-cell damage) can be delayed or prevented by feeding a high-protein or high-fat, carbohydratefree diet. Thus, carbohydrates are essential for β-cell destruction in mouse models of diabetes, and lipotoxicity appears to co-operate with glucotoxicity in this pathogenesis [30] .
Role of Adipose Tissue Inflammation and Cytokines
Obesity is associated with a massive infiltration of adipose tissue with immune cells such as macrophages, and it has been suggested that the pathogenesis of type 2 diabetes has an immunological component in that cytokines released from adipose tissue play a causal role in the insulin resistance and β-cell failure [31] . Consequently, serum levels of inflammatory cytokines or other biomarkers of inflammatory processes such as IL-6 and C-reactive protein (CRP) are elevated long before the onset of overt type 2 diabetes [32, 33] . It should be noted, however, that adipose tissue inflammation was fully dissociated from the development of diabetes under a carbohydrate-free diet [29] . Thus, inflammatory cytokines may contribute to the pathogenesis of diabetes, but are not a sufficient factor.
Diabetes Genes
Obese mouse strains such as the db/db (monogenic deletion of the leptin receptor) and the NZO strain (polygenic obesity) develop a type 2 diabetes-like hyperglycaemia that closely resembles the human disease. Their hyperglycaemia is associated with morbid obesity and insulin resistance, and reflects a progressive failure of the pancreatic β-cells. These models allowed differentiation of adipogenic and diabetogenic (i.e. causing hyperglycaemia) alleles [13, 34, 35] ; diabetes requires the presence of both types of predisposing alleles ('diabesity'). Consequently, morbid obesity does not produce diabetes in the absence of diabetogenic alleles (e.g. in the ob/ob-mouse or the fa/fa-rat). Lean mouse lines (e.g. NON, SJL or C57KS/J) may carry diabetogenic alleles; these will become active only when mice are rendered obese by a single obesity gene (e.g. in the C57KS/J-db/db strain) or by cross-breeding with a polygenic obesity strain such as NZO [13, 34, 35] . More recently, one of the genes responsible for the diabetogenic effect of the BTBR background, Sorcs1 (encoding sortilin CS1), has been identified [36] . In humans, the genetic contribution to the pathogenesis of type 2 diabetes is equally strong: in identical twins, concordance of type 2 is approximately 80% for diabetes and even 96% for impaired glucose tolerance [37] . The genetic contribution is complex, and numerous diabetogenic alleles working in combination appear required for development of the disease [38, 39] . Considerable efforts have been made to identify the genes that cause type 2 diabetes. Table 1 lists a selection of genes that exhibited an association with an altered diabetes risk in at least three different study populations. Three different strategies were employed to identify the diabetogenic variants: Firstly, chromosomal segments (quantitative trait loci, QTL) associated with hyperglycaemia were identified in genome-wide searches, and positional cloning of the gene responsible for the effect of a QTL led to identification of diabetogenic variants of calcium-dependent protease calpain-10 [40] and the transcription factor TCF7L2 [41] . Subsequent investigation of the associations in other cohorts and metaanalysis of the results indicated a robust effect of TCF7L2 (1.5-to 2.5-fold increase in disease risk) that was reproducible in most, but not all studies [42, 43] , whereas the effect of the diabetogenic haplotype of calpain-10 was inconsistent and on average only 20% [44] . Table 1 . Variant genes that were found to be associated with risk of type 2 diabetes a the potassium channel KIR6.2) with an increased diabetes risk. Thirdly, microarray-based, genome-wide association studies identified numerous significant associations of SNPs (single nucleotide polymorphisms) with an elevated disease risk (OR 1.1-1.5) that could be replicated in some, but again not all, other cohorts [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . The contribution of each variant to the overall diabetes risk is small, and numerous associations are therefore not reproducible in other studies. At present, it is not entirely clear whether some of the identified associations represent false-positive results or whether their small effects vary with the populations studied. Furthermore, the functional consequence of these associations is still unclear, and they should therefore be considered loci rather than diabetes genes until direct functional evidence is available. In addition, all so far identified diabetogenic alleles cannot fully explain the genetic susceptibility of diabetes. Thus, it appears reasonable to assume that the major part of the genetic susceptibility has not been elucidated so far. Furthermore, it remains to be investigated whether the effect of the known susceptibility genes depends on nutritional or other environmental parameters, as has been demonstrated in mouse models.
Risk Factors for Type 2 Diabetes: Nutrition and Lifestyle
Numerous experimental studies in mice as well as observational and intervention studies in humans have investigated the relation between nutritional and lifestyle variables and the risk of type 2 diabetes. It should be noted that detection and analysis of such associations in human cohorts is a difficult task because of several methodological limitations: Firstly, monitoring of nutritional behaviour is based on rather imprecise information gathered by food frequency questionnaires. Secondly, cultural differences between study populations in different countries may give rise to divergent results. Thirdly, the observed associations identify food groups (such as whole grain bread or margarine), and can only suggest chemical entities (fibres or trans fatty acids). Similar and other limitations (e.g. low compliance) apply to intervention studies. In spite of these limitations, human cohort studies provided convincing evidence that nutritional and lifestyle variables are independent risk factors of type 2 diabetes.
Fat
The effects of macronutrients on the development of diabetes nutrients, in particular that of fat and carbohydrates, have been investigated intensively in rodents and in human studies. In part, these studies have generated divergent results and controversial conclusions. In diabetes-susceptible mouse strains such as NZO, the development of diabetes can be accelerated by a high-fat diet (45% of calories as fat vs. 15% in a standard diet) [35] . This effect seems to indicate that the β-cell is sensitive to fatty acids and/or incorporated triglycerides (lipotoxicity). In humans, in contrast, the majority of studies showed little or no effect of the total fat consumption on the diabetes risk that was independent of the body weight. Since the high-fat diet enhances adiposity and insulin resistance in NZO mice as well as in most other mouse strains [56] , the diabetogenic effect of a high-fat diet may well be indirect. Several cohort studies that analysed the effects of different triglycerides (saturated, unsaturated and trans fatty acids in triglycerides showed a moderate (approximately 30%) increase of the diabetes risk by saturated and trans fats, and a similar reduction in individuals with a higher intake of polyunsaturated fats [57] . In conclusion, the ratio of triglycerides consumed (saturated, non-unsaturated, poly-unsaturated and trans-unsaturated fat) rather than their total amount appears to modulate the diabetes risk. In addition, it should be noted that a much larger range of fat consumption was tested in rodents (15-60% of total calories) than in humans.
Carbohydrates
Data from prospective cohort studies have indicated that dietary carbohydrates -independent from the body weightsignificantly modify the diabetes risk. Consumption of carbohydrates rich in fibres and with a low glycaemic index giving rise to lower post-prandial blood glucose excursions is associated with a reduced diabetes risk [57, 58] . Conversely, consumption of carbohydrates with a higher glycaemic index increases the risk. In addition, high consumption of sugar-sweetened soft drinks is associated with higher body weight and an elevated diabetes risk [59] . However, some of the effects of carbohydrates were not consistently replicated in other study populations: In the EPIC-Potsdam cohort, the glycaemic load, sweets, or sugar-sweetened soft drinks were not among the factors that significantly modified the diabetes risk (Schulze et al., unpublished) . The most consistent effect of carbohydratecontaining foods was the association of cereal fibre consumption with a reduced diabetes risk [60] : this association was replicated in a total of 7 cohorts including EPIC-Potsdam. Data from mouse models supported the role of dietary carbohydrates in the development of diabetes. Since substitution of protein [27, 28] or fat [29] for carbohydrates delayed or prevented the diabetes in db/db or NZO mice, respectively, β-cell destruction in rodent models appears to be dependent on the dietary carbohydrates. These data are consistent with a scenario in which blood glucose excursions, in particular under conditions of insulin resistance and a genetically determined susceptibility of the pancreatic β-cell, play a crucial role in the pathogenesis of diabetes. Interestingly, the effect of the highfat diet on the development of diabetes can be dependent on certain genotypes. In NZO mice, the effect of a diabetogenic allele on chromosome 5 (tentatively designated Nob1) was dependent on the fat content of the diet, whereas the effect of a second QTL (Nidd/SJL) was not [35] . Such data provide proof of principle for the concept that gene variants may determine the quality of the response to nutrients. Identification of these variants in humans will allow the establishment of genotypespecific nutritional recommendations with regard to dietary fat and diabetes risk.
Red Meat
The quality of meat consumed appears to be a major factor modulating the diabetes risk and might therefore be involved in its pathogenesis. In prospective cohort studies, a significant association between the consumption of red meat (pork, beef and lamb), but not of white meat (poultry) and fish, and the diabetes risk has been observed consistently [10, 11] . This finding suggests a role of haeme iron in the pathogenesis of diabetes. In the absence of data supporting a molecular link between iron consumption and β-cell function it can only be speculated that haeme iron catalyses the formation of β-celltoxic nitroso compounds.
Alcohol
Moderate alcohol consumption (with the exception of beer) has consistently been observed to lower the diabetes risk [10] . This effect might reflect the inhibitory effect of alcohol on gluconeogenesis and hepatic glucose output which could lead to a reduction of fasting blood glucose levels. In the case of beer, the risk-reducing effect of alcohol seems to be outweighed by its high carbohydrate content [61] . Thus, the effects of alcoholic beverages appear to support a scenario in which blood glucose excursions play a major role in the pathogenesis of β-cell failure.
Dietary Patterns
Based on the assumption that dietary effects on disease risk are the result of complex interactions between nutrients, attempts have been made to identify nutritional patterns rather than single nutrients and food components associated with an increased diabetes risk. Van Damm et al. [62] compared a 'prudent' dietary pattern (higher consumption of vegetables, fruit, fish, poultry and whole grains) with a 'western' pattern (higher consumption of red meat, processed meat, French fries, high-fat dairy products, refined grains), and found that the latter was associated with an increased risk (OR 1.6).
More recently, a new statistical method, reduced rank regression (RRR), which is similar to the classic principal component analysis but more flexible and powerful, was used to identify dietary patterns associated with diabetes risk [61, 63] . In incident diabetics of the EPIC-Potsdam cohort, dietary patterns were extracted from 49 food groups that explain as much as possible of the response variation of the biomarkers HbA1c, HDL cholesterol, CRP and adiponectin. Thereby, a nutritional pattern was identified consisting of a high consumption of fruits as well as a low consumption of meat, beer, soft drinks and white bread, which was associated with an approximately 80% reduction of the diabetes risk [61] . A similar risk-reducing nutritional pattern was identified with different methodology in a Finnish cohort [64] .
Lifestyle: Physical Activity
In addition to genetics, anthropometric and nutritional parameters, physical activity is a major factor determining the diabetes risk [65] . Prospective cohort studies indicated that physical activity was significantly lower in diabetics before the onset of their disease than in healthy controls. Men who watched TV for more than 40 h per week had an approximately 3-fold higher diabetes risk than those who spent less than 1 h per week watching TV [66] . Furthermore, a protective effect of exercise as part of a weight reduction program including diet was observed in an intervention study [7] . Since the intervention resulted in a minor weight reduction (approximately 4 kg) but a substantial (60%) reduction of the diabetes risk, the authors suggested that exercise exerted an effect that was independent of the weight reduction. Indeed, after correction for its effect on waist circumference, exercise caused a small but significant reduction of the diabetes risk in the EPIC-Potsdam cohort. This effect may be due to an increased insulin sensitivity of muscle in response to exercise [67] .
Lifestyle: Smoking
The majority of epidemiological studies testing the effect of smoking have detected a moderate increase of the diabetes risk that was reversed after cessation of smoking [10, 11] . It is of note that the beneficial effect of smoking cessation apparently outweighs its adverse effect on weight gain. The pathophysiological mechanism of the effect of smoking is unclear. Nicotine stimulates sympathetic nervous activity and may therefore stimulate transient elevations of blood glucose; such an effect would be consistent with the concept that blood sugar excursions play a major role in the pathophysiology of the disease. Indeed, it has previously been shown in a large cohort that smoking is associated with elevated HbA1c levels [68] .
Determination of the Risk of Type 2 Diabetes
The above described risk factors can be used to establish risk scores that can identify individuals at high risk to develop type 2 diabetes, and guide a personalised primary prevention by diet, lifestyle intervention or medication (see below). In addition, such risk scores can be used to compare and match study arms in clinical trials, to assess the efficacy of preventive programs, and to guide decisions as to the intensity of the intervention (lifestyle, pharmacological, surgical intervention).
Thus, the precise determination of the diabetes risk is an important tool to reduce diabetes-related morbidity and mortality. Several requirements for the establishment of a precise diabetes risk score have to be met. Firstly, score values have to be derived from data of incident cases in population-based, prospective cohorts. Secondly, score values assigned to each variable have to be based on a mathematical model, such as the multivariate Cox regression model, allowing determina-tion of the independent contribution of each risk factor. Thirdly, the resulting score has to be validated in a similar, prospective study population. Finally, the score should be based on variables that can easily be determined, and should provide both high sensitivity and specificity.
Risk Scores Based on Conventional Risk Factors
Diabetes risk scores have been developed on the basis of data from the San Antonio Heart Study [69] , the Finrisk Studies [70] , the Japanese American Community Diabetes Study [71] , the Atherosclerosis Risk in Communities Study (ARIC) [72] , the Rancho Bernardo Study [73] and a population-based survey in Umea, Sweden [74] . These scores meet the above described requirements partially: Only the Finrisk Studies and the ARIC Study exclusively rely on factors to be measured with non-invasive methods, and are therefore inexpensive and applicable outside of clinical practice. The ARIC risk score showed relatively low validity in the testing sample [72] . Furthermore, the Finrisk score has recently been tested in the German Cooperative Health Research in the Region of Augsburg (KORA) Survey 2000 and yielded a low validity to identify undiagnosed cases of diabetes [75] , indicating that risk assessments may not necessarily be representative for different countries.
The German Diabetes Risk Score
Thus, a risk score based on data from the EPIC-Potsdam cohort has been recently been developed (table 2) and validated in a second German cohort in order to meet all requirements [11] . The score has a broad data basis derived from the population-based, prospective EPIC-Potsdam cohort of 25,167 individuals with 849 incident cases of type 2 diabetes, and yielded essentially identical results in a second prospective German cohort of similar size (EPIC-Heidelberg; 23,398 participants, 658 cases). High score values predict future cases of diabetes [11] as well as an unfavourable profile of biomarkers (see below) and can therefore be used to detect pre-diabetes [76] . The score includes all risk factors that reached statistical significance in the cohort (table 2) : age, waist circumference, hypertension, nutritional variables such as consumption of red meat, whole grain bread, coffee and alcohol, physical activity and smoking status. Because of its broad data basis, the German Diabetes Risk Score allows a quantitative assessment of the contribution of each individual risk factor. It is available as an online web tool (www.dife.de) as well as a questionnaire.
Biomarkers and Genotypes
Several serum factors have been identified that may indicate an increased risk of diabetes years before the onset of the disease. Small increases of fasting blood glucose [77] or glycosylated haemoglobin (HbA1c) [78] have been found to be associated with an increased risk to develop overt diabetes. Type 2 diabetes is preceded by a pre-diabetic period in which glucose tolerance is impaired (IGT). Fasting blood glucose is still normal, but increased post-prandial blood glucose excursions are responsible for a small increase in HbA1c levels. There is a probability of 15-20% that IGT is converted to fasting hyperglycaemia within the next year. In addition to HbA1c, it has been shown that a moderate elevation of fasting blood glucose levels predicts an increased risk to develop diabetes within a period of 6 years [79] . Serum parameters reflecting insulin resistance such a characteristic alterations of the lipoprotein profile (low HDL cholesterol, elevated triglycerides), markers of hepatosteatosis (e.g. γ-glutamyltransferase) [80] , markers of an inflammatory response such as hs-CRP [61] or elevated levels of cytokines [81] , and reduced levels of adiponectin [82, 83] trol studies of candidates, or in genome-wide association studies (see above). When assessed in more than one study population, the contribution of each variant to the overall diabetes risk was usually small (10-40% risk increase) and sometimes not reproducible in other studies. Thus, assessment of the diabetes risk with genotypes of several gene variants yields an only 3-to 4-fold increase in the diabetes risk. This is disappointingly low compared with the predictive value of phenotypic parameters such as the weight circumference. Furthermore, the genotypes do not increase the precision of a risk assessment based on phenotypic variables (Schulze et al., unpublished). Thus, routine genotyping for assessment of the diabetes risk cannot be recommended at present. It may, however, once the full genetic contribution has been elucidated, allow an earlier assessment of a person's risk than the phenotypic variables and biomarkers.
Prevention of Type 2 Diabetes
Convincing evidence indicates that type 2 diabetes is a preventable disease. Randomised clinical trials indicated that weight reduction either by a diet and exercise [7] , drug therapy [84] or bariatric surgery [85] significantly reduces the conversion of impaired glucose tolerance to overt type 2 diabetes. Furthermore, blood glucose control by oral antidiabetics [8, 9] is similarly effective. In view of the life-shortening and costly secondary complications of the disease, it appears mandatory to intervene as early and as effectively as possible. However, the majority of individuals at risk do not satisfactorily respond to a lifestyle intervention. Thus, intensified intervention such as drug therapy or bariatric surgery may be indicated, provided that the benefit of the intervention outweighs potential negative effects. At present, there are no guidelines as to a pharmacological therapy to reduce the diabetes risk [86] . Also, the decision as to the surgical therapy of obesity (gastric banding, gastric bypass) is currently based on the severity of the obesity rather than on the risk of secondary complications. Thus, assessment of the individual diabetes risk could provide a rational basis for any decision as to intervene by drug or surgical therapy.
Weight control aiming at a reduction of intraabdominal fat mass is the most efficient intervention to reduce the diabetes risk. In addition, several other variables such as physical activity, food choice (both independent of the waist circumference) and smoking have been observed to be associated with the diabetes risk. It should be noted that these associations are based on very solid evidence from prospective studies, but causality has not been established so far by controlled intervention studies. It may be impossible to obtain the required evidence in randomised controlled studies with the endpoint diabetes mellitus for some of the variables (e.g. red meat consumption, dietary fibres); surrogate markers, intermediate outcome and/or pathobiochemical evidence may therefore represent the best proof of causality obtainable. For example, substitution of saturated for mono-unsaturated fat reduced insulin sensitivity in the short intervention study KANWU [87] .
In the opinion of these authors, recommendations for the prevention of diabetes should include modifiable risk factors even in the absence of controlled intervention studies. With regard to dietary recommendations for the prevention of type 2 diabetes, it appears reasonable to advocate a 'healthy diet' rich in cereal fibres, with a reduced amount of red meat and with a reduced amount of saturated and trans fats. In the case of smoking, causality is very likely because previous smokers had a significantly lower diabetes risk than current smokers [11] . Also, causality of the effect of hypertension on the diabetes risk is supported by the risk-reducing effect of the ACE inhibitor ramipril [88, 89] . Consequently, the normalisation of blood pressure should be included in the recommendations for the prevention of diabetes.
Future Developments
Type 2 diabetes has a highly heterogeneous pathophysiological basis with a complex interaction of obesity, insulin resistance and β-cell failure. Thus, it is not surprising that the response to preventive measures is highly heterogeneous. Indeed, this response can be predicted from phenotypic variables such as the visceral fat mass [90] . It is reasonable to assume, therefore, that there are individuals with particular sensitivity towards a risk factor like inactivity, whereas in others the nutritional variables play a dominating role for the diabetes risk. Identification of such subtypes and of factors predicting the heterogeneous response to an intervention could advance the personalisation of the diabetes prevention. Future research will also show whether genotypes can be used as biomarkers predicting not only diabetes risk but also the response to preventive measures. There is already preliminary evidence that the presence or absence of certain diabetogenic alleles can predict the success of an intervention [91, 92] . However, the presently available genetic information is not sufficient for a precise assessment of the response to lifestyle or dietary intervention. Thus, identification of the full genetic basis of type 2 diabetes, and of its interaction with exogenous variables, will be required to establish a personalised intervention.
